Cyanobacteria consume H, by two different pathways: the oxyhydrogen reaction and anaerobic, light-dependent H, utilization. The two pathways are shown here to be induced differently by incubating cyanobacteria anaerobically under H,. In the unicellular A nacystis nidulans and in N,-and NHi-grown Anabaena cylindrica and Nostoc muscorum, such treatment greatly enhances the activity of the oxyhydrogen reaction in all cell types. In contrast, the light-dependent pathway, determined by the H,-dependent photoreduction of NADP+, is demonstrable with higher activity only in heterocysts.
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Whereas the activity of the oxyhydrogen reaction is directly correlated to the structural integrity of membranes, there is an inverse correlation between membrane integrity and H, formation catalysed by hydrogenase. These findings, together with physiological considerations, suggest that a 'reversible' soluble hydrogenase does not exist in photoautotrophic cyanobacteria. No definite conclusions about the existence of two membrane-bound uptake hydrogenases are possible at present.
I N T R O D U C T I O N
The relationship between H, metabolism and N, fixation in cyanobacteria has been studied extensively (for reviews, see Hallenbeck & Benemann, 1979; Bothe & Eisbrenner, 198 1). Cyanobacteria can evolve molecular H, in a nitrogenase-dependent reaction, as do other aerobic N,-fixing micro-organisms. The extent of such H, formation is still a matter of dispute, although most investigators now agree that maximal activity depends mainly on the culture and assay conditions employed, and less on the strain used. H, formation is not simply a waste of energy, since cyanobacteria re-utilize the gas evolved, by means of a hydrogenase. This enzyme is membrane-bound in all aerobic N,-fixing organisms and is unidirectional, catalysing only H, uptake in the intact cells. Recent evidence (Bothe et Peschek, 1979a Peschek, , b, 1980 Tetley & Bishop, 1979) suggests that H, utilization proceeds by two different pathways in cyanobacteria. In the main pathway, the gas is consumed in an 0,-dependent reaction, being coupled to electron flow and to ATP formation of respiration. This oxyhydrogen reaction is likely to minimize the loss of energy caused by nitrogenase-dependent H, formation. It may also remove 0, from the nitrogenase site, thereby protecting the enzyme from damage by this gas. The second pathway of H, utilization strictly requires exclusion of 0, and activation by light in cyanobacteria. This pathway is particularly seen in the H,-supported C,H, reduction of carbon-limited cultures (Benemann & Weare, 1974; Bothe et al., 1977a) or of isolated heterocysts Peterson & Wolk, 1978) . Anaerobic, light-dependent H, utilization is also demonstrable with low activity in reactions independent of N, fixation Eisbrenner & Bothe, 1979; Peschek, 1979 a) .
methosulphate.
Organisms. The Sammlung von Algenkulturen of the Manzenphysiologisches Institut, University of Giittingen, F.R.G., supplied A nabaena cylindrica (no. 1403-2) and Anacystis nidulans (no. 1402-!) . Nostoc muscorum strain 71 19 was a kind gift of Dr D. I. Arnon, University of California, Berkeley, U.S.A. The cultures were grown either aerobically or under flushing H,/N,/CO, (20 : 75 : 5, by vol.) in the absence of combined nitrogen (Eisbrenner et al., lY78J. For NHf-grown cells the medium contained 40 mM-NaNH,HPO,; these cultures did not contain heterocy sts.
Preparation of extracts. To prepare heterocysts from Anabaena cylindrica (see Eisbrenner et al., 1978) , the centrifuged cells were suspended in ~O~M -H E P E S buffer pH 7.6 containing 5 mM-MgC1, and passed twice through a chilled French press at 1600 lbf in-, (1 Ibf in-, x 7 kPa). After centrifugation (lo00 g, 5 min), the supernatant was used as the extract from vegetative cells. The pellet consisted almost exclusively of heterocysts (less than 2 % of vegetative cells) and was suspended in the MgCI,/HEPES buffer. All manipulations were performed under Ar and in ice as far as possible. For enzyme determinations, the heterocysts were broken in the French press at 25 000 Ibf in-'.
Nosfoc muscorum was suspended in MgCIJHEPES buffer pH 7-6, passed twice through the French press at 1650 Ibf in-, and centrifuged (lo00 g, 5 min). The supernatant (vegetative cell extract) showed photosynthetic NADP+ reduction with DCPIP/ascorbate as the electron donor (Table 2 ). Since this procedure left approximately 20% of the vegetative cells intact in the case of Nostoc rnuscorurn, the pellet was suspended in the MgCI,/HEPES buffer, broken twice at 2400 Ibf in-, and centrifuged (lo00 g, 10 min). The pellet then consisted of heterocysts and less than 2 % vegetative cells. This heterocyst preparation, suspended in MgCIJHEPES buffer, was broken at 25 O00 lbf in-,, resulting in particles which showed both Hi and DCPIP/ascorbate-dependent NADP+ reduction (Table 2) .
Assays. NADP+ reduction was performed in Fernbach flasks at 35 OOO Ix, 28 OC for 15 min. The assays (final vol. 2 ml) contained cyanobacterial particles (0.02 to 0.06 mg chlorophyll) and the following (in p o l ) : HEPES buffer pH 7.6, 100; MgCI,, 10; NADP+, 3; and (where indicated) DCPIP, 0.3; sodium ascorbate, 20; DCMU (dissolved in dimethyl sulphoxide), 0.04. The gas phase consisted of Ar or (where indicated) Ar plus 10 mM-H,. The reactions were terminated by centrifugation (6000g, 10 mh), and the supernatant was diluted fivefold with water. Absorbing proteins were partly removed by adding an equal volume of a solution of saturated (NH,),SO, followed by centrifugation (6000 g, 10 min). NADPH was then determined either by the difference in absorbance at 340 nm before and after the addition of 20 pi-PMS, or in a Perkin-Elmer fluorescence spectrophotometer, using the emission band at 445 nm and excitation at 340 nm (Klingenberg, 1970) .
Nitrogenase activity was determined by the C,H, reduction method and H, evolution and uptake were followed in a gas chromatograph equipped with a thermal conductivity detector and a molecular sieve column (Bothe et al., 1977b) . 0 , consumption was measured in a Clark-type electrode either in the presence of NADPH or NADH or in the absence of any added electron donor. NADPH was generated by glucose and glucose-6-phosphate dehydrogenase and NADH by galactose and galactose dehydrogenase.
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R E S U L T S
Distribution of uptake and 'reversible' hydrogenase among heterocysts and vegetative cells Hydrogenase and nitrogenase activities were compared in heterocysts and vegetative cells of Anabaena cylindrica grown under H, ( Table 1) . Nitrogenase was almost exclusively confined to heterocysts. Na,S,O,-and MV-dependent H, evolution was independent of ATP and was, therefore, catalysed by hydrogenase. The latter reaction was observed with essentially the same specific activities in both cell types, in agreement with previous findings (Tel-Or et al., 1978; Bothe et al., 1978). Since heterocysts account for approximately 5 % of the cells in the filaments, about 90% of the total H, evolution activity was associated with the extracts from vegetative cells. H, uptake occurred with much higher activity than evolution, also in agreement with Tel-Or et al. (1978) . In contrast to their observations, however, it was strictly dependent on the addition of an electron acceptor, the most effective being PMS (see . PMS-dependent H, consumption was readily demonstrated in extracts of both vegetative cells and heterocysts, with the major part of the overall activity associated consistently with the vegetative cells ( Table 1) . Per cell, the rate of the PMS-dependent H, uptake was about eight times higher in heterocysts than in vegetative cells. It should be noted, however, that the overall activities of both the Na2S,0,-and MV-dependent H, evolution and of the PMS-dependent uptake were subject to large variations from experiment to experiment, depending mostly on the procedure used to break the cells (see below). In contrast to PMS, 0, hardly supported any H, uptake by extracts from vegetative cells of A. cylindrica.
Path ways of hydrogen utilization in heterocysts and vegetative cells
The oxyhydrogen reaction. 0,-dependent H, uptake proceeds through the respiratory chain (Bothe et al., 1977a; Peschek, 1979 b) and has been claimed to be confined to heterocysts in Nostoc muscorum (Tel-Or et al., 1978) and Anabaena species (Peterson & Wolk, 1978) . However, breakage of vegetative cells could easily damage the respiratory particles and/or release essential components of the electron transport chain. Control experiments with intact filaments indicated that the respiratory endogenous 0, uptake was inhibited 70% by 1 mM-KCN and that the oxyhydrogen reaction proceeded through the KCN-sensitive respiratory pathway (Bothe et al., 1977a) . Extracts from vegetative cells were able to consume only small amounts of O,, and this activity could not be enhanced by the addition of NADPH, NADH, or H, (results not shown). Moreover, this small 0, uptake was not affected by KCN. Obviously the respiratory chain was, indeed, damaged in the extracts from vegetative cells. Therefore, experiments with cell extracts do not allow any conclusion on the occurrence of the oxyhydrogen reaction or of the uptake hydrogenase in vegetative cells.
The oxyhydrogen reaction could be demonstrated unequivocally, in cells other than heterocysts, in NHt-grown Anabaena cylindrica and Nostoc muscorum or in the unicellular A nacystis nidulans. Such uniform cultures of vegetative cells consumed only small amounts of H,, often scarcely detectable, when grown aerobically (see Eisbrenner et al., 1978) . However, when grown anaerobically in the presence of N H t and H,, intact cells of all three cyanobacteria rapidly utilized H, in a strictly 0,-dependent reaction in the dark (Fig. 1) . Rates of the oxyhydrogen reaction in such cultures considerably exceeded those of . endogenous respiration. It can be deduced that the uptake hydrogenase is also induced or activated in vegetative cells of N,-grown A nabaena cylindrica and Nostoc muscorum by incubating the cultures with H,. Under aerobic growth conditions, the activity of the oxyhydrogen reaction is probably low in vegetative cells but not in heterocysts, in agreement with Peterson & Wolk ( 1 978) .
The anaerobic, photosynthetic pathway of H , utilization. The preparation of particles from Nostoc muscorum performing light-dependent NADP+ reduction permitted the measurement of the rates of H, utilization by this pathway in both heterocysts and vegetative cells ( Table 2) . NADPH formation by illuminated particles from vegetative cells was achieved with H,O as the electron donor, and the reaction was severely inhibited by DCMU, indicating the involvement of both photosystems. H, produced virtually no enhancement of NADPS reduction in either the absence or presence of DCMU, indicating that H, did not substitute for H,O in vegetative cells of Nostoc rnuscorurn grown in the absence of combined nitrogen or with NH:, either aerobically or anaerobically in the presence of H,. In contrast, with particles from heterocysts, NADP+ reduction was obtained with DCPIP/ascorbate but not with H,O as the electron donor, in agreement with the well-documented absence of photosystem-I1 in the heterocysts. H, significantly supported NADP+ reduction by particles from heterocysts, with rates being approximately 50 % of those obtained with DCPIP/ascorbate. The addition of ferredoxin to all particles only slightly increased the overall activity. , The nature of the 'reversible' hydrogenase Do heterocystous cyanobacteria contain a 'reversible' soluble hydrogenase in both cell types in addition to the membrane-bound uptake hydrogenase(s)? To avoid complications associated with enzyme distribution among different cell types this question was first explored in the unicellular, non-heterocystous A nacystis nidulans. Both the oxyhydrogen reaction and Na,S,O,-and MV-dependent H, formation were observed at low activity in aerobically grown cultures. Growth in the presence of H, induced both H, uptake activity, assayed either with PMS or O,, and H, evolution activity, essentially in a parallel fashion (Fig. 2) . Such parallelism may be taken as an indication of the existence of only one enzyme catalysing both activities; on the other hand, a coincidental induction of both enzymes under H, cannot entirely be ruled out. Evolution and uptake activities were then compared in extracts of A nacystis nidulans obtained by various breakage procedures (Table 3) . In unbroken cells, the Na,S,O,-and MV-dependent H, evolution was low, but clearly demonstrable (see also Daday et al., 1979). This activity was strictly dependent on Na,S,O, and MV and increased more, the more drastic the method used to break the cells. Highest activities were obtained upon treatment of the cells with high pressure (28000 lbf in-,) in the French press or by sonication at maximal power. In contrast, both PMS-and 0,-dependent H, uptake activities decreased more, the more drastic the treatment to disrupt the membranes ( Table 3 ). The oxyhydrogen Aerobically grown Anabaena cylindrica was treated, where indicated, by incubation for 15 min with 1% (v/v) Triton X-100. Heterocysts were prepared as described in Methods. Details of the assay conditions are given in the legend to Table 3 . reaction was particularly sensitive to the method of cell breakage, presumably due to its dependence on the respiratory chain. Similar results were obtained with Anabaena cylindrica (Table 4) . When intact filaments or isolated heterocysts were treated with the detergent Triton X-100, H, uptake activity with PMS greatly decreased, whereas the Na,S,O,-and MV-dependent H, evolution activity increased. In all cases the highest H, formation rates were obtained when the most drastic methods were applied.
D I S C U S S I O N
A 'reversible' soluble hydrogenase, catalysing H, evolution in vivo, has repeatedly been claimed to occur in cyanobacteria (Tel-Or et al., 1978; Hallenbeck & Benemann, 1978, 1979;  Daday et al., 1979) . The results presented here indicate that the specific activities of this 'reversible' hydrogenase in preparations are largely dependent on the isolation procedures. The 'reversible' hydrogenase appears to be an integral membrane protein participating in one or both pathways of H, utilization. When bound to membranes, it may scarcely be accessible to Na,S,O, and MV, presumably due to the 'sidedness' of the membranes. When the hydrogenase is solubilized, H, utilization can proceed only in the presence of a suitable electron acceptor (PMS), but no longer via the photosynthetic and respiratory pathways, since the electron transport chains are disrupted. Conversely, a physiological, unidirectional, membrane-bound uptake hydrogenase should catalyse the reverse reaction when solubilized, provided the assays are supplemented with the suitable concentrations of reductants. An increase in H, formation activities upon solubilization of hydrogenase has also been observed for other organisms (e.g. Sim & Vignais, 1979) and for Anacysfis by Peschek (1979 b).
It is difficult to find a physiological role for a H,-evolving hydrogenase in Anabaena cylindrica, Nostoc muscorum or Anacystis nidulans normally grown under photoautotrophic conditions. These cyanobacteria respire and do not need to remove excess reductant by forming H,. Formation of H, by intact photoautotrophic cyanobacteria is catalysed by nitrogenase and not (or at best to a minuscule extent) by hydrogenase. Among aerobic, N,-fixing micro-organisms a soluble hydrogenase, catalysing H, evolution, would be a unique enzyme of cyanobacteria which is not observed in Azotobacter, R hizobium and others. H, formation by such an enzyme would require an electron donor system with a low potential redox couple (at least -400 'mV); all hydrogenases isolated from cyanobacteria fail to couple to ferredoxin, flavodoxin or other natural low potential electron carriers. All these arguments rule out the existence of a soluble hydrogenase in Anacystis nidulans, Anabaena cylindrica or Nostoc muscorum capable of acting in vivo at significant rates. It is possible, however, that part of the enzyme is more tightly bound to mtmbranes and part is more readily washed off. In addition, the structural integrity of the membranes which bind hydrogenase may vary from organism to organism.
All the aforementioned evidence indicates that the H,-evolving hydrogenase is an artefact of disruption procedures. Similarly, the relatively high H, evolution activity found in extracts from vegetative cells is likely to be artificial. Vegetative cells more readily break than heterocysts, and this fragility may release the hydrogenase of vegetative cells into the solubilized state where it is more accessible to Na,S,O, and MV. Moreover, with all the isolation procedures for vegetative cells, some heterocysts break and may leak out hydrogenase. Under aerobic growth conditions, the oxyhydrogen reaction (in agreement with Peterson & Wolk, 1978) and the light-dependent, anaerobic pathway of H, uptake (as determined by H,-dependent NADPH formation in this communication) is readily demonstrable in heterocysts and only to a limited extent in vegetative cells of Anabaena cylindrica and Nostoc muscorum and in A nacystis nidulans.
The two pathways of H, utilization are apparently affected in a different way by incubating the cells with H,. The oxyhydrogen reaction is then readily demonstable in Anacystis nidulans and in NHt-grown Anabaena cylindrica and Nostoc muscorum (Fig. 1) and thus independently of nitrogen fixation. The rate of the oxyhydrogen reaction exceeds that of endogenous respiration; this cannot adequately be explained at present (see also Peschek, 1979 b). In contrast, incubation of the cells under H, does not significantly enhance H, consumption by the light-dependent, anaerobic pathway. H, only poorly supports NADP+ reduction by particles from vegetative cells of either N,-or NHt-grown Nostoc muscorum (this communication) . Consequently, H, virtually does not enhance CO, fixation in photoreduction experiments , in agreement with recent observations (but not interpretations) of Peschek (1979 a). H,-dependent CO, fixation by the above mentioned cyanobacteria never exceeds 5 % of the H,O-dependent activity, and the organisms are unable to grow photosynthetically with H, as the electron donor (in DCMU-treated cultures) or in the dark. In heterocyst preparations, H, is the best electron donor for C,H, reduction Peterson & Wolk, 1978) and significantly supports NADP+ reduction (this communication). Since heterocysts lack ribulose-1,5 -bisphosphate carboxylase, they cannot perform H,-dependent CO, fixation. Are the two pathways of H, utilization catalysed by functionally distinct uptake hydrogenases? The observation that incubation under H, alters the pathways differentially may be taken as positive evidence, in agreement with recent findings by Peschek (1979a, b) . On the other hand, Eisbrenner & Bothe (1979) suggested from inhibitor studies that plastoquinone is a common intermediate of both pathways located on the thylakoid membranes. Such a concept of electron carriers common to respiration and photosynthesis has recently been substantiated by the observation that plastocyanin and cytochrome c553 participate in both photosynthetic and respiratory activities of A nabaena variabilis (Lockau, 198 1) . If such a concept is correct, H, consumption by. both pathways would necessitate only a single hydrogenase but would be subject to different-, still unknown, control mechanisms. At present it is safer to speak about two pathways of H, utilization until the occurrence of only one or of two uptake hydrogenases has unambiguously been demonstrated.
Note added in proof. Recently, evidence has been presented for the so-called reversible hydrogenase (Hallenbeck etal., 1981) . The reported activity is, however, less than 1 pmol H, evolved h-' (g dry wt)-'. Any membrane-bound uptake hydrogenase should be able to catalyse such extremely poor H,-evolving rates. This work was kindly supported by grants ,fro& the Deutsche Forschungsgemeinschaft. The authors are
